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Abstract. Since June 2008 the Pierre Auger Observatory,
designed for the research of ultra high energy cosmic rays,
is taking data in its final configuration. In this paper I will
present a short overview of its recent scientific results. More
specifically, I will discuss the all particle energy spectrum
and the evidence for the GZK features, the measurement of
the elongation rate and the resulting inferences on mass com-
position, the evidence for anisotropy in the subset of the high-
est energy events.

1 Introduction

Cosmic rays are energetic particles and nuclei from space
that strike Earth’s atmosphere in all directions. Their ener-
gies vary from 108 eV to 1020 eV. The region of our interest is
for energies beyond 1019eV where their flux decreases very
rapidly with energy up to less than 1 particle/km2 per cen-
tury. They are so rare that in the last fifty years only a hand-
ful of 100− EeV particles have been detected from different
experiments with different techiniques (Nagano and Watson,
2000). The identification of the sources, the characteristic
features of the spectrum and the real nature of the ultra high
energy cosmic rays (UHECRs) have been a great challenge
since their first observation in 1962 (Linsley, 1963) and after
decades of efforts, open questions are still present. Simply
stated, we don’t know what they are, where they come from
or how they got here from there.

2 The Pierre Auger Observatory

Construction of the first stage of the Pierre Auger Observa-
tory began in 2001 with a prototype system. It has been col-
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Fig. 1. Layout of the Pierre Auger Observatory as of 27 April 2010.
The dots represent the position of each Cherenkov station, the yel-
low labels represent the four sites each grouping six fluorescence
telescopes with green lines indicating their field of view .

lecting data since early 2004 and it was completed in 2008.
Today more than 280 physicists from more than 70 institu-
tions in 17 participating countries around the world are col-
laborating. It is the first experiment in cosmic ray physics
characterized by very high performances using the hybrid
technique (see Sect.3).

The Pierre Auger Observatory (PAO) (Abraham et al.,
2004) is located near Malargue, a town in Mendoza province
over a vast plain of 3000 km2 known as the Pampa Amar-
illa (yellow prairie) in western Argentina near the Andes
Mountains. This location was selected due to the low pop-
ulation density (< 0.1 km−2), special climate (dry and clear),
low pollution and flatness of landscape. The Observatory is
placed at 35.2◦ S latitude and 69.5◦ W longitude at 1400 m
above sea level corresponding to the atmospheric depth of
X = 880 g cm−2. Figure1 shows the layout of the PAO as of
27 April 2010 with its 1600 water Cherenkov tanks, forming
the Surface Detector (SD) with an aperture of 7000 km2 sr
and the 24 peripheral fluorescence telescopes, forming the
Fluorescence Detector (FD).
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Fig. 2. Correlation between logS38 and logEFD for a given golden
hybrid data set used in the fit. The full line is the best fit for the
data. The distribution of the fractional differences between the two
energy estimators is shown in the inset . The signal intensityS38
is expressed in Vertical Equivalent Muons (VEM) where 1 VEM is
the intensity corresponding to one muon crossing the detector with
zenith angle equal to zero.

Each water Cherenkov detector (Allekotte et al., 2008) of
the surface array is a plastic tank of 10 m2 area and 1.2 m
height hosting 12000 l of ultra purified water contained in
a Tyvek reflective liner. The Cherenkov light generated by
charged particles of the shower crossing the tank is registered
by three 9” photomultiplier tubes. Each detector operates au-
tonomously with its own front-end electronics and communi-
cation system. A solar energy unit and batteries provide the
required 10 W electrical power. The timing is obtained by
a GPS unit and the communications achieved via a wireless
system.

Each fluorescence telescope (Abraham et al., 2010b)
records the fluorescence light isotropically emitted by the ni-
trogen molecules of the atmosphere excited by the charged
particles during the shower development in air. It consists
of a Schmidt optical system with a circular diaphragm, po-
sitioned at the centre of curvature of a spherical mirror, that
defines the aperture of the system. UV transmitting filters
are installed in the entrance aperture and just inside it a ring
of corrector lenses is placed to increase the effective aperture
by about a factor 2 while preserving the quality of the optical
aberrations. The light is focused by a large spherical mirror
onto a camera of 440 phototubes camera which allows the
30◦ azimuth×28.6◦ elevation field of view.

UHECRs are detected measuring two specific features of
the particle shower produced in the atmosphere by the in-

teraction of the primary particle with air: i) the number of
charged particles versus atmospheric depth or longitudinal
development and, specifically, the atmospheric depth (Xmax)
at which the development reaches its maximum and ii) the
signal intensity versus distance from the shower axis (core)
sampled with a given surface detector at the detection level
at ground or lateral profile.

3 The hybrid technique

The joined use of two different techniques allows unprece-
dented accuracy in reconstructing events from UHECRs.
The SD measures the two-dimensional lateral profile of the
shower at detection level, that is the number of particles in the
shower as a function of their distance from the shower axis
at ground, whereas the FD records the longitudinal profile
of the shower, that is the number of charged particles during
the shower development through the atmosphere as a func-
tion of atmospheric depth. The two techniques are comple-
mentary allowing a three dimentional reconstruction of the
event and also provide a cross-check and redundancy in the
measurement of air-shower parameters. The bulk of data are
provided by the SD having a 100% duty-cycle while the FD
feeds a minor but very valuable sample of very well recon-
structed data having a 16% duty-cycle as it can only work
in clear moonless nights. A subset of doubly reconstructed
events, named golden hybrids, are reconstructed simultane-
ously by both devices and used to calibrate the SD. The sub-
set of golden events used to calibrate the SD events do co-
incide with the sample of events collected with the FD apart
from the necessary cuts for the final event selection.

The Lateral Distribution Function fit of the lateral pro-
file (Rao and Srekanton, 1998) provides a parameter called
S(1000), the signal intensity at 1000 m from the shower
axis. S(1000) is a good estimator for the cosmic ray en-
ergy. S(1000) depends on the incoming angle because of
the shower attenuation in the atmosphere. The variation of
S(1000) with the zenith angle has been derived using the
so-called constant intensity cut (CIC) method (Hersilet al.,
1961). For any shower theS38 = S(1000)/CIC(θ) value,
S(1000) normalized at the median of the angle distribu-
tion θ = 38◦, represents the new energy estimator. It is the
S(1000) value that we would have measured in the case the
shower arrived at 38◦ zenith angle. A detailed discussion of
the way the quantityS38 is obtained can be found inAbraham
et al. (2008b). The integration of the Gaisser-Hillas curve
(Gaisser and Hillas, 1977) adopted to fit the FD longitudinal
profile allows a quasi-calorimetric measurement of the en-
ergyEFD of the shower to be obtained. Using information
from the FD, the energy corresponding to eachS38 can be
estimated almost entirely from data without relying on simu-
lations but only on experimental data, except for the assump-
tion about the missing energy (Abraham et al., 2008b). The
correlation ofS38 with EFD is shown in Fig.2 together with
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the least-squares fit of the data to a power lawEFD = aSb
38

. The energy resolution, estimated from the fractional differ-
ence betweenEFD and the derived SD energy, is shown like
r.m.s. deviation of the distribution. Statistical uncertainties
in S38 andEFD were assigned to each event.

4 End to the cosmic ray spectrum?

With respect to Greisen’s persisting question from 1966:
“End to the Cosmic Ray Spectrum?” (Greisen, 1966), the
Pierre Auger Collaboration today is able to make the follow-
ing claims: the flux is strongly suppressed above 4×1019 eV;
a single power law hypothesis is rejected with significance
> 20σ ; a break in the power law (ankle) has been observed at
log10(E/eV ) = 18.61±0.01 (Abraham et al., 2008b, 2010c).
We have measured the cosmic ray flux with the PAO by ap-
plying two different techniques: collecting data with the FD
only (that also triggered at least one of the station having the
largest signal) and analysing a data sample from SD only,
calibrated according the method described in Sect.3 to ex-
tend measurements to lower energies. The energy spectrum
of hybrid events is determined from data between Novem-
ber 2005 and May 2008, the spectrum obtained with the SD
updates data until the end of December 2008: more than
35 000 events fulfill the selection criteria with an actual expo-
sure of 12 790 km2 sr yr. The fluxes obtained with the hybrid
events and from the SD array are in good agreement in the
overlapping energy range. The dominant systematic uncer-
tainty stems from the overall energy scale, estimated to be
22%. Additional details on the estimation of the systematic
uncertainties can be found inAbraham et al.(2008b). Sys-
tematic uncertainty on the energy scale is roughly constant
in the energy range of Fig.3. A combined spectrum has
been derived with high statistics covering the energy range
from 1018 eV to above 1020 eV using a maximum likelihood
method. Since the SD energy estimator is calibrated with
the hybrid events, the two spectra have the same systematic
uncertainties in the energy scale. The final systematic uncer-
tainty is due to many different contributions. Among them
the most important ones are those coming from absolute cal-
ibration procedure and from fluorescence yield. The position
of the ankle at log10(E/eV ) = 18.61±0.01 has been deter-
mined by fitting the flux with a broken power lawE−γ . An
index of γ = 3.26±0.04 is found below the ankle. Above
the ankle the spectrum follows a power law with index of
γ = 2.59±0.02. A continuation of the power law above the
ankle to the highest energies can be rejected with more 20σ .
The suppression is similar to what is expected from the GZK
effect (Greisen, 1966; Zatsepin and Kuzmin, 1966) for pro-
tons and heavy nuclei as Fe. The combined energy spectrum
scaled withE3 is shown in comparison with the spectrum
obtained with stereo measurements of the HiRes experiment
(HiRes Coll., 2010) in Fig. 3. An energy shift within the
current systematic uncertainties of the energy scale applied
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Fig. 3. The combined energy spectrum scaled byE3 is fitted with
two functions (see Sect.4) and compared to data from the HiRes
experiment. The systematic errors are indicated by arrows, the un-
certainty of the energy scale is 22%.

to one or both experiments could account for most differ-
ences between them. The ankle seems to be somewhat more
sharply defined in our data. This is possibly due to a system-
atic energy offset between the two experiments. The energy
shift is of the order 25%, thus comparable with the average
systematic uncertainty in the considered energy range. The
characteristic features of the combined spectrum are quanti-
fied in two ways: we used three power laws with free breaks
between them and a second characterisation is performed by
using two power laws in the ankle region and a smoothly
changing function at higher energies. Details on the smooth
function used for the fit of the energy spectrum can be found
in Abraham et al.(2010c). .

5 What is the composition of the UHECRs?

To the question:“What are UHECR particles”, the current re-
sults of the Pierre Auger Collaboration do not answer fully
but open new puzzling questions (Abraham et al., 2010d). In
fact we observed a change inXmax, the atmospheric depth at
which the shower reaches its maximum, as a function of the
energy around the ankle between 1018 eV to above 1019 eV
where a measurement of the mass composition is crucial to
confirm the transition from galactic to extra-galactic cosmic
rays predicted by Bottom-Up scenarios and a gradual in-
crease in the mass towards a heavier composition at higher
energies.

Assuming the generalisation of Heitler’s model (Heitler,
1954) of e−

−γ cascades to hadron-induced showers and the
superposition assumption (Gaisser, 1992), at a given energy,
the average ofXmax, denoted by< Xmax>, and the width
of theXmax distribution, denoted byRMS(Xmax), are both
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Fig. 4. < Xmax> andRMS(Xmax) as a function of energy com-
pared with different air shower simulations .

correlated with the cosmic ray composition. Proton showers
penetrate deeper into the atmosphere (larger values ofXmax)
and have widerXmax distribution than heavy nuclei. After
all cuts over a hybrid data sample from December 2004 to
March 2009, 3574 events are selected for the< Xmax> anal-
yses. The< Xmax> resolution as a function of energy for
these data sample is estimated using a detailed simulation of
the FD, its calibration and the atmospheric conditions. Re-
construction and event selection give rise to systematic un-
certainties of≤ 13 g cm−2 for < Xmax> and≤ 6 g cm−2 for
theRMS(Xmax). The results were found to be independent
of the zenith angle, time periods and FD stations. Our re-
sults are reported in Fig.4. A fit with a constant elongation
rate (the so-called change of< Xmax> per decade of energy)
does not describe our data but using two slopes yields a sat-
isfactory fit. Assuming that the properties of the hadronic
interactions do not change significantly over less than two
orders of magnitude, this change in the elongation rate, this
change in the elongation rate would imply a change in the
energy dependence of the composition around the ankle sup-
porting the hypothesis of a transition from galactic to extra-
galactic cosmic rays in this region. In the rms plot we ob-
serve a decrease in fluctuations with energy from about 55 to
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Fig. 5. The black arrows represent the upper limits on the pho-
ton flux from the Auger SD above 10, 20, 40 EeV and the blue ar-
rows the upper limits above 2, 3, 5, 10 EeV derived from the FD in
comparison with the upper limits on the photon fraction in the in-
tegral cosmic-ray flux for different experiments: AGASA (A1,A2),
AGASA-Yakutsk (AY), Haverah Park (HP) and Yakutsk (Y). The
shaded region shows the expected GZK photon fraction. Lines in-
dicates prediction from Top-Down models .

26 g cm−2 as the energy increases. The decreasing fluctua-
tions are an independent signature of an increasing average
mass of the primary particles. For the interpretation of the
absolute values foXmax andRMS(Xmax) a comparison to
air shower simulations is needed. As can be seen in Fig.4,
here are considerable differences between the results of cal-
culations using different hadronic interaction models. These
differences are not necessarily exhaustive since the hadronic
interaction models do not cover the full range of possible
extrapolations of ow energy acceleration data. If, however,
these models provide a realistic description of hadronic in-
teractions at ultrahigh energies. the comparison of data and
simulations leads to the same conclusions as above, namely,
a gradual increase of the avarage mass of cosmic rays with
energy up to 59 EeV

6 Are there ultra high energy photons in our data?

Could ultra high energy primary particles be photons? The
question is pertinent because a substantial photon component
is predicted at high energies by non acceleration models. So
far we do not findγ in our data. The Pierre Auger Collabora-
tion has provided the first upper limit measured with the FD
technique (Abraham et al., 2007c), improved with time the
SD results (Abraham et al., 2008c) and strongly constraining
all Top-Down models (Abraham et al., 2009). At energies
above a few EeV, our high accuracy (≈ 20 g/cm2) measure-
ments of< Xmax > provide good discrimination between
photons and charged particles . High energy photon showers
penetrate deeper in the atmosphere (larger< Xmax>) than
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Fig. 6. Map of Cosmic Ray overdensity significances (see text) near
the Galactic Centre: the galactic plane is a solid line, the galac-
tic centre is indicated with a cross, the AGASA signal region is the
larger circle where the dashed line indicates the field of view bound-
ary of AGASA array..

hadronic showers do but with far fewer muons. This trans-
lates by the SD’s point of view in a smaller height along the
shower axis with respect of hadron-induced shower that de-
velop higher in the atmosphere. Signal risetime and radius
of curvature in the SD events are observables sensitive toγ -
induced showers.

We searched for photons using both SD and FD data sets.
Above 1019 eV no photon candidates were found after ap-
plying quality and fiducial cuts, as well as equal acceptance
requirements for hadron and photons, from which a photon-
fraction upper limit was derived. In Fig.5 the upper limits on
the photon fraction in the integral cosmic ray flux for differ-
ent experiments versus predictions of Top-Down scenarios
are shown.

7 Are there ultra high energy neutrinos in our data?

Both in conventional acceleration models and in Top-Down
scenarios, pions decay to produce an electron to muon neu-
trino flavor ratio (νe : νµ) of order 1: 2 while τ neutrinos are
heavily suppressed at production. After travelling cosmolog-
ical distances approximately equal fluxes for each flavor are
expected. The idea is to detectντ -induced events through the
emergingτ produced by neutrinos that enter the Earth just
below the horizon (the so-called Earth-skimming neutrinos).
We didn’t find any candidate for neutrino-induced showers in
data recorded up to the present and we established an upper
limit on diffuse flux of tau neutrinos in the cosmic radiation
(O. Deligny, this Conference,Deligny et al., 2010).

Fig. 7. The 69 arrival directions of CRs with energy larger 55 EeV
detected by the Pierre Auger Observatory up to 31 December 2009
(black dots) in an Aitoff-Hammer projection of the sky in galac-
tic coordinates. The positions of 318 AGNs (within 75 Mpc) in the
VCV catalog are reported as circles of radius 3.1◦ . The solid line
represents the field of view of the Southern Observatory for zenith
angles smaller than 60◦. The exposure-weighted fraction of the sky
covered by the AGN circles is 21% .

8 Where do UHECRs come from?

If the flux indeed shows a GZK feature at higher energies this
implies that the sources of UHECRs must be within our cos-
mological neighbourhood at distances smaller than 100 Mpc.
Might this proximity open a window on the nearby Universe
allowing an astronomy based on charged particles and the
identification of their natural accelerators? In this connec-
tion, observation of an excess from the region of the Galactic
Center (GC) at the level of 4.5σ was reported by AGASA
(Teshima et al., 2001). The PAO is suitable for these studies
because the GC lies well in the field of view of the exper-
iment (Abraham et al., 2007a). In Fig. 6 we show a map
of the GC region depicting the Li-Ma significances (Li and
Ma, 1983) of overdensities in circular windows of 5◦radius,
for the SD data with energies in the range 1017.9

÷1018.5 eV.
In our data there is no indication of a statistically significant
excess: in the region 1.0< E < 2.5 EeV with angular scale
of 20◦ (same parameters of AGASA), Auger observes 2166
events compared to 2160 expected for flat distribution.

On the contrary, the Pierre Auger Collaboration has re-
ported a correlation of the arrival directions of ultra high
energy cosmic rays with energies larger than 56 EeV and
the position of the nearby objects from the Véron-Cetty
and V́eron (VCV) catalog (Véron-Cetty and V́eron, 2006)
of quasars and Active Galactic Nuclei (AGN) (Abraham et
al., 2007b, 2008a). The null hypothesis was rejected with
99% confidence level based on a single-trial test motivated
by early data and confirmed by the data collected subse-
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Fig. 8. The most likely value of the degree of correlationpdata =

k/N (black dots) plotted as function of the time-ordered events ex-
cluding the events of the initial exploratory scan (see Sect.8). The
68%, 95% and 99.7% regions around the dots are shown. The hor-
izontal dashed line shows the p-value for the isotropic expectation
.

quently to the definition of the test. An update of this anal-
ysis has been recently published including events detected
up to 31 December 2009 (Abraham et al., 2010a). The in-
tegrated exposure is 20370 km2 sr year. This event sample
recorded with the SD between 1 January 2004 and 31 De-
cember 2009 with zenith angleθ < 60◦ and reconstructed
energiesE ≥ 56 EeV (with exactly the same reconstruction
algorithm, energy calibration and quality cuts for event se-
lection as in the exploratory scan) is made of 69 arrival direc-
tions. The same conditions for the comparison were applied:
the angular distance from the AGNs is still 3.1◦, as in the ex-
ploratory scan. Only AGNs in the VCV catalog with redshift
z ≤ 0.018 were considered. The arrival directions of the 69
primary particles are reported in Fig.7 and compared with
the position in galactic coordinates of 318 AGNs from VCV
catalog. The exposure-weighted fraction of the sky covered
by the 3.1◦ angular regions around the AGNs is 21% . In
other words, this is the fraction of events that one expects to
correlate under the isotropic hypothesis. The current status
is therefore better seen in Fig.8 where the most likely value
of the degree of correlationpdata = k/N (black dots), where
k is the number correlating with objects in the VCV catalog
andN is the total number of events (Abraham et al., 2010a),
is plotted as function of the time-ordered events excluding
the events of the initial exploratory scan. The 68%, 95% and
99.7% regions around the dots are also shown. The hori-
zontal dashed line shows the p-value for the isotropic expec-
tation. The amount of correlation observed decreased from
69% with 9/13 to its current estimate of 38% based on 21
correlations out of 55 events. We note that 9 of 55 events are
within 10◦ of the galactic plane and none of them correlates
within 3.1◦ with the astronomical objects under considera-
tion. Incompletness of the VCV catalog due to obscuration
by the Milky Way or larger magnetic fields along galactic
disk are potential causes. We have therefore examined cross-

correlation between arrival directions of UHECRs and po-
sitions of the objects in the 2MRS (Jarrett et al., 2000) and
Swift-BAT (Tueller et al., 2010) catalogs. Only astrophysical
objects within 200 Mpc were considered and in the case of
the 2MRS catalog a region (±10◦) around the galactic plane
was excluded, due to incompleteness of the 2MRS catalog
in the galactic plane region. We have observed correlations
in excess of isotropic expectations in all considered cases.
Additional details can be found inAbraham et al.(2010a).

9 Conclusions

The Pierre Auger Observatory was completed in 2008 and
it is currently taking data. It is the first experiment in
high energy cosmic ray physics using the powerful hybrid
technique: joined use of fluorescence telescopes and surface
stations to achieve high performances and unprecedented
accuracy. Until now, about 6 years of data (million cosmic
ray events) have been acquired and analysed. Unique results
on the all particle energy spectrum, mass composition,
anisotropy on small and large scale, photon and tau neutrino
upper limits have been produced. Outstanding steps toward
a complete understanding of the nature of ultra high energy
cosmic rays have been taken but no exhaustive answers
given. The current results open intriguing questions that
only a large amount of additional data, coming in the next
years of operation of the Observatory, can disentangle.

Edited by: K. Scherer
Reviewed by: I. A. Grenier and another anonymous referee
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